Five rat monoclonal antibodies (MAbs) specific for U.K. isolate B of barley yellow dwarf virus (BYDV) have been produced and tested. The reactions of the MAbs against a range of isolates of known vector specificity from the U.K., U.S.A. and Sweden were compared and a provisional serological correlation suggested. A survey of 90 U.K. field isolates showed that they were of the same serological groupings as the typed isolates, and that the panel of MAbs could be used to characterize field isolates of BYDV. Two of the MAbs were produced in large quantities in ascitic fluids; antibody partially purified from them and conjugated to alkaline phosphatase was used successfully in direct ELISA.
INTRODUCTION
The luteovirus barley yellow dwarf virus (BYDV) causes a widespread and economically damaging disease in cereals and grasses in the U.K. and other cereal-growing areas world-wide (Plumb, 1983; Burnett, 1984) . There are many strains of BYDV which are usually differentiated by their aphid vector(s). For example, five groups have been identified in North America (Rochow, 1969; Johnson & Rochow, 1972) ; these are serologically distinct and can be distinguished readily in ELISA (Rochow & Carmichael, 1979) . Three vector aphid species occur commonly in the U.K., Sitobion ( Maerosiphum) avenae, Rhopalosiphum padi and Metopolophium dirhodum, and at least two different BYDV groups have been identified (Plumb, 1974; R. T. Plumb, personal communication) . However, the serological relationships between the isolates of these groups have not been well studied. Antisera have been prepared against only two of them, B and F. B, which is transmitted mainly by R. padi, but also by S. avenae, causes severe symptoms in oats, and may be similar to the PAV isolate found in the U.S.A.; F, which is transmitted predominantly by S. avenae, causes mild symptoms in oats and may be similar to the North American MAV isolate. Direct ELISA using antiserum against F (Plumb el al., 1980) detected B, but more weakly than F ; in the reciprocal test with antiserum against B, F was not detected.
The relative incidence of the different BYDV types in the U.K. is also unclear. Previous work has suggested that isolates which cause more severe symptoms in cereals (usually B strains) are more prevalent in the south and west of England whereas those which cause mild symptoms (usually F strains) are more prevalent in the north and east (Plumb, 1974) . However, changes in the prevalence of isolates are known to occur over long periods (t0 years) (Rochow, 1979; Plumb, 1974) and in 1984 there were reports of a greater incidence of isolates causing severe symptoms in cereals in the north of England (S. A. Hill, personal communication) . Because the isolates cause different symptoms in their cereal hosts, it is important to be able to identify which strains are prevalent for example in grass reservoir hosts, or in vector aphids, in order to assist the forecasting of disease incidence.
There are several difficulties associated with detecting and characterizing strains of BYDV. Identification by symptomatology is not diagnostic (Rochow, 1969; Doupnik et al., 1982; D'Arcy, 1984) , and the use of vector aphids is complicated by the occurrence of infection by mixtures of BYDV isolates in plants (Rochow, 1982a ) and the phenomenon of dependent transmission (Rochow, 1982b 
METHODS
Virus isolates, antibodies and enzyme conjugates. Some isolates of BYDV were obtained in dried leaf form (Clement et al., 1984) from W. F. Rochow, Cornell University, New York, U.S.A. and M. Eweida, Swedish University of Agricultural Sciences, Uppsala, Sweden. U.K. isolates of known vector specificity B, F, M, D and G (Plumb, 1974; R. T. Plumb, personal communication) and a large number of English field isolates were obtained in infected growing plants from R. T. Plumb, Rothamsted Experimental Station (RES), Harpenden, U.K. Bean leaf roll virus (BLRV) and the lettuce strain of beet western yellows virus (BWYV) were from D. Govier, RES, Harpenden, U.K. and potato leaf roll virus (PLRV) was from R. A. C. Jones, MAFF Harpenden Laboratory, Harpenden, U.K. Polyclonal rabbit antisera used were anti-B (Plumb et aL, 1980) from M. F. Clark, East Malling Research Station, East Malling, U.K. and anti-F from Inotech Diagnostik Ltd., Switzerland. Antibodies to Swedish isolates 27/77 and 39/78 were from M. Eweida (Eweida & Oxelfelt, 1985) . Immunoglobulins (Ig) and alkaline phosphatase enzyme conjugates were prepared by the methods described by Torrance et al. (1986) .
Virus purification. Oat cv. Blenda leaves infected with BYDV isolate B were supplied by E. Lennon (RES, Harpenden, U.K.). The oat plants had been infested with viruliferous R. padi for 2 days at the coleoptile stage, then the aphids were killed by spraying with pirimicarb and the plants were left in an insect-proof glasshouse for approx. 2 to 3 weeks for symptoms to develop. The leaves and stems were cut and frozen at about -18 °C until required. The frozen infected leaves were dipped in liquid nitrogen then pulverized finely in a mortar and pestle. The powder was mixed with 0.05 N Sorensen's phosphate buffer pH 6.5, containing 1% (w/v) Driselase (Sigma) and 0.05% (w/v) diethyl dithiocarbamate, and left at room temperature for 4 h (with occasional stirring). The suspension was mixed with half its volume of chloroform: butanol (22:1) and then centrifuged at low speed (25 min at 8000 g). Polyethylene glycol (10%, w/v) and NaC1 (0.1 N) were added to the aqueous phase, the mixture was stirred at room temperature for 2 h and centrifuged at low speed. The pellets were resuspended in 0.05 N Sorensen's phosphate buffer pH 7.0, and centrifuged at low speed. The supernatant was then subjected to two cycles of ultracentrifugation at 61 300 g for 3.5 h through cushions of 25 % (w/v) sucrose solution. The resulting pellets were resuspended in phosphate buffer, and after centrifugation at low speed the virus suspension was layered on gradients of 10 to 40}/0 (w/v) sucrose in phosphate buffer. The gradients were centrifuged at 55000 g for 3.5 h and the virus-containing fractions collected, diluted with phosphate buffer and centrifuged at 254500 g for 1-5 h to concentrate the virus particles.
Derivation of hybrid myelomas. The MAb-secreting cell lines reported here were derived from fusions between spleen cells from immune female AO rats and the rat myeloma cell line Y3 Ag1.2.3 (Galfre et al., 1979) . The antibodies MAC 91 and 134 were generated from a rat which had been primed with an intramuscular injection of BYDV isolate B emulsified in Freund's complete adjuvant, boosted once on day 68 by subcutaneous injection of the virus in Freund's incomplete adjuvant and again on day 162 with an intravenous injection of virus in saline. To produce MAC 92, 93 and 94, a similar immunization protocol was used, except that the two boosts were on days 160 and 313. All injections contained approximately 50 gg of virus. Cell fusions were performed 3 days after the second boost. The methods for cell fusion and maintenance of hybrids were as described by Galfre & Milstein (1981) . Ten to 15 days after fusion, fluids from growing cultures were tested for the presence of specific antibody (see below). Selected positive cultures were cloned by limiting dilution as described by Torrance et al. (1986) .
Production ofascites. Ascites for MAC 91 and 92 were induced in Pristane-primed (LOU x F344) F~ rats which had received either no irradiation (MAC 91) or 400 fads 7-ray whole-body irradiation from a 137Cs source (Gammacell 40, Atomic Energy of Canada) the previous day.
Assays. Hybrid cell lines were checked for the presence of specific antibody in an ELISA by coating the microtitre plates (Nunc lmmunoplate II) with BYDV preparations followed by tissue culture supernatant fluid and alkaline phosphatase-or horseradish peroxidase-labelled anti-rat IgG using the incubation periods, buffers etc, described by Torrance et al. (1986) . The direct double antibody sandwich ELISA (DAS ELISA) of virus isolates was done using polyclonal anti-F or -B (1 or 2 gg/ml respectively) to coat the microtitre plates (Nunc 
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Immunoplate I I) and alkaline phosphatase-labelled an ti-B or -FIg (1/500 or 1/1000 dilution of prepared conjugate respectively) to detect trapped virus as described by Torrance et aL (1986) . For indirect assays, microtitre plates (Nunc Immunoplate II) were coated with polyclonal anti-F or -B Ig (1 or 2 ~tg/ml respectively), then virus-infected sap was added and incubated overnight. The American or Swedish isolates of BYDV in infected dried oat leaves were reconstituted at approx. 1 g per 20 ml of 0.01 M-phosphate buffer pH 7.4 containing 0.02 ~ KCI, 0.08 ~ NaC1, 0.05~ Tween 20 and 2~ polyvinylpyrrolidone (PBSt). The U.K. isolates were usually extracted 1 g/10 ml PBSt from fresh infected oat leaves. MAb-containing tissue culture supernatant fluids or ascitic fluids were added (at various dilutions) followed by alkaline phosphatase-labelled anti-rat IgG. The test was completed using buffers, incubation times etc. as described by Torrance et al. (1986) .
Samples were always tested using pairs of wells and the mean values are quoted. Negative controls were uninfected oat sap at equivalent dilutions to the test samples or a non-specific MAb. In these tests, absorbance values were considered positive if they exceeded the mean control value by a factor of two.
RESULTS

Production of MAbs
Only a small number of BYDV-specific MAbs were obtained from the fusions; approximately half of the hybrids tested produced virus-specific antibodies. This probably resulted from the impurity of the antigen used for immunization; indeed a number of supernatant fluids were found to contain antibodies specific for components of oat sap. We selected five MAbs for further study. Their reactions with BYDV-B and -F, and their isotypes as determined by Ouchterlony testing are given in Table 1 . MAC 91, 92 and 93 did not react with luteoviruses BLRV, PLRV or BWYV in indirect ELISA using plates coated with anti-B or anti-F Ig.
Interactions of MAbs with B YDV isolates
In these tests the results of indirect ELISAs, employing rabbit anti-B or -FIg to trap virus particles from infected oat sap (approx. 1/10 dilution) and each of the MAbs as second antibody, were compared with DAS ELISAs using anti-B or -F reagents. A40s values from typical experiments are given in Tables 2 and 3 to show whether the antibodies reacted with the different virus isolates, but a quantitative assessment of the relative relationships of the isolates cannot be made from these figures because the MAbs were not all compared in the same experiment, and the virus concentration in the saps varied between experiments.
U.K. isolates
Indirect ELISAs were done to compare the interaction of the five MAbs with five BYDV isolates of known vector specificity. In these tests the MAbs separated the isolates into three groups, B plus D, G, and F plus M. However, with DAS ELISAs using either B or F reagents (Table 2) 
American isolates
Indirect ELISA and DAS ELISAs were performed with five North American isolates of BYDV (Table 3) . Isolate RMV was not detected in any of the tests. Isolate SGV was detected with DAS-F (DAS ELISA employing anti-F coating Ig and enzyme conjugate) and MAC 93 but only as very weak or borderline reactions. The mean A~0s value from four experiments for SGVinfected sap with DAS-F was 0.23 compared with 0.11 for control sap. In indirect ELISA using MAC 93 and anti-F-coated plates, the mean A~os value from two experiments for SGV-infected and healthy sap was 0.24 and 0.10, respectively, but only after the substrate reaction was allowed to continue overnight. Isolates MAV or PAV gave similar reactions to those obtained with the U.K. isolates F and M, or G respectively. Isolate RPV seemed distinct from any of the U.K. isolates tested because it was detected only with MAC 92 on anti-B-coated plates and with DAS-B (DAS ELISA employing anti-B coating Ig and enzyme conjugate). However, four experiments); in the indirect test they were 0.19 and 0.04 (after overnight incubation of substrate) for infected and control sap respectively (mean values from three experiments).
Swedish isolates
Two isolates were used in the comparisons, 39/78 which causes severe symptoms and is transmitted more efficiently by R. padi than by S. avenue and 27/77 which causes mild symptoms and is transmitted specifically by S. avenue (Eweida & Oxelfelt, 1984 . Both isolates were detected by DAS-F but only 39/78 with DAS-B (Table 3) . When anti-27/77 or anti-39/78 Ig was used to trap the homologous virus the same result was obtained with either the anti-B or -F conjugates (data not shown). In the indirect tests, 27/77 only reacted with MAC 94 and so was similar to isolates MAV, F and M. By contrast, 39/78 reacted with all of the MAbs except MAC 92 and so was similar to PAV and G isolates (Table 3) .
U.K. field isolates
Isolates transmitted to test plants by aphids caught alive in suction traps (Plumb, 1984) in Derbyshire, Hertfordshire, Suffolk and Devon were tested by direct and indirect ELISA. The results in Table 4 show that the 90 isolates sorted into four major groups with the MAbs or three groups with the rabbit antisera. predominated (20/27) , was similar to isolate G (Table 2) . A fourth group (IV) transmitted most often by S. avenae but also by M. dirhodurn and M. festucae, was similar to the M and F isolates (Table 2) in that the isolates only interacted with DAS-F and MAC 94 usually only on anti-Fcoated plates. There were a few isolates in this group, however, which also interacted with MAC 94 on anti-B-coated plates. In group IV two of the Suffolk isolates were unusual in that they had been transmitted by R. padi although serologically they were similar to the other isolates which were all transmitted by S. avenae or Metopolophium spp. This may be because of mixed infections in the source plants when the aphids acquired the virus (Rochow, 1982a, b) . Transmission test experiments are in progress to test this hypothesis. These results show that the U.K. field isolates were serologically similar to the five previously defined U.K. isolates, B, D, G, F and M (Table 2 ) but in addition formed a fourth group of R. pad#transmitted isolates which interacted only with MAC 92 and DAS-B.
Use of ascites-derived antibody
Cultures of hybrid cells secreting MAC 91 and 92 were used to obtain ascitic fluid by injecting them into rats. These fluids contained large quantities of antibodies; titres in indirect ELISA were 1 × 10 -6 and 6.7 × 10 -7 respectively. Partially purified antibodies were obtained from the fluids by precipitation with ammonium sulphate. Each of the fluids contained approx. 9.0 mg/ml of antibodies. Each of the antibodies was conjugated to alkaline phosphatase and used successfully in DAS ELISA. The A40s values obtained with MAC 91 Ig (with low dilutions of enzyme conjugate) were not as great as those with MAC 92 in the detection of isolate B (Table 5) . However, DAS-MAC 9l could detect isolates B, D and G, but not M, from infected oat sap. DAS-MAC 92 detected B and D but not G or M.
DISCUSSION
We have described the production and testing of five rat monoclonal antibodies specific for BYDV. Although only a small number of MAbs resulted from three fusions, they were obtained using animals which had been immunized with relatively impure virus preparations and whose serum contained antibodies to oat proteins. Impure virus preparations were used because BYDV is present in very low concentration in oat sap and is difficult to purify (Rochow & Carmichael, 1979; Eweida & Oxelfelt, 1985) . Our work and that of Hsu et al. (1984) illustrate the distinct advantage of producing MAbs as serological reagents when working with viruses that require costly resources and are difficult to purify. Table 6 gives a provisional serological grouping of the isolates based on their reactions with our MAbs. The serological groups 2 and 3 correlate with vector specificity, but group 6 isolates (B and D) which have a similar vector specificity to those in group 2 can be differentiated by their reaction with MAC 92. In our tests, RPV, SGV and RMV were quite distinct from each other and the other isolates.
Our results with MAC 94 support the results of Rochow & Carmichael (1979) who used rabbit antisera in DAS ELISA to show a weak relationship between isolates MAV and PAV, and those of Hsu et al. (1984) who produced two MAV-specific MAbs which reacted weakly in indirect ELISA with PAV. Moreover, the weak reactions found with SGV in DAS-F and with MAC 93 support the observations that there are some common antigens between SGV and PAV (Rochow & Carmichael, 1979) . RPV and RMV were quite distinct in our tests although Rochow & Carmichael (1979) have suggested that there is a relationship between them. Our results also confirm those of Eweida & Oxelfelt (1985) in showing a serological relationship between 39/78 and PAV, and between 27/77 and MAV. We have produced one MAb (MAC 92) specific for isolates B and D (which seem similar to the PAV isolate) which reacts very weakly with RPV, and other MAbs which react with MAV (MAC 94) and weakly with SGV (MAC 93). These weak results may be improved if homologous antibody is used to coat the plates in indirect ELISA.
Our survey of 90 U.K. field isolates revealed groups with the same serological activities and vectors as those isolates of known vector specificity. DAS ELISA with rabbit antisera differentiated three groups but the MAbs also distinguished a fourth group (distinguishing between groups 2 and 6, Table 6 ). Two isolates which were transmitted by R. padi had the serological properties of group 3 (Table 6 ) and tests are in progress to check whether these are instances of dependent transmission (Rochow, 1982 b) . Apart from these two isolates our results demonstrate that the MAbs can be used to characterize BYDV isolates and that examples of the serological groupings 1, 2, 3 and 6 (Table 6) were found in all of the counties where samples were obtained (except group 1 in Hertfordshire). We have produced large quantities of two of the MAbs in ascitic fluids and have used them successfully in DAS ELISA; further work is in progress to investigate their use in surveys for BYDV.
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